logical interfaces with atomic precision. Here, we demonstrate that molecular self-assembly processes driven by inherent interactions among the constituents offer the opportunity to create well-defined networks at TIs surfaces. Even more remarkably, we show that the symmetry of the overlayer can be finely controlled by appropriate chemical modifications. By analyzing the influence of the molecules on the TI electronic properties, we rationalize our results in terms of the charge redistribution taking place at the interface. Overall, our approach offers a precise and fast way to produce tailor-made nanoscale surface landscapes. In particular, our findings make organic materials ideal TIs counterparts, since they offer the possibility to chemically tune both electronic and magnetic properties within the same family of molecules, thereby bringing us a significant step closer towards an application of this fascinating class of materials.
Engineering well-ordered nanostructures by using single atoms or molecules as building blocks offers a convenient opportunity to control matter at the nanoscale. Ultimately, this bottom-up approach represents an alternative or may even replace traditional top-down routes like lithography, which dominated the electronic industry in the past decades but have recently been challenged by the continuos device miniaturization and the related emerging technical difficulties. The extensive study of the mechanisms driving the creation of self-assembled nanostructures, mainly performed in the last decade, resulted in a quite thorough understanding of the relevant interactions at the nanoscale and in the development of guidelines to create tailor-made nanostructures with extremely high precision. 1, 2 Although well-defined self-assembled superstructures can be obtained by using both, atoms and molecules, the latter are of particular interest. 2 This is mainly caused by the fact that molecules are highly controllable by chemical modifications. Thereby it becomes possible to tune the molecule's functionality and-at the same time-allowing for a large variety of self-assembled nanostructures. [3] [4] [5] [6] [7] [8] Since the self-assembly process depends on the detailed balance of intermolecular and molecule-substrate interactions, there are severe limitations regarding the choice of both, molecules and substrates. To date, the most successful ingredients for the emergence of supramolecular order are represented by planar molecules coupled to noble metal surfaces, 2-8 graphite 9 and, more recently, to graphene [10] [11] [12] and boron nitride 12, 13 Here, we provide evidence that well-ordered molecular superstructures can be obtained on the new class of materials named topological insulators (TI). 14, 15 Even more remarkably, we demonstrate that both the periodicity and the symmetry of the resulting overlayer can be finely controlled, making self-assembly processes a new and versatile way to engineer periodic landscapes on topological states without introducing strong mesoscopic fluctuations of the chemical potential which make the spin-momentum locking ill defined over length scales of few nanometers or even completely destroy topological states. 16, 17 In particular, by using molecules hosting magnetic moments as building blocks, the self-assembly process results in the creation of a regular network of localized spins. This makes hybrid organic-TI interfaces a promising and reliable platform for the investigation of exotic states of matter and the unconventional magneto-electric effects, which have been predicted to exist when topological states interact with local spins and which may find direct application in devices with new functionalities. [18] [19] [20] More generally, our approach identifies planar molecules as the ideal TI counterpart as they overcome all the problems which have so far limited the study, understanding, and utilization of the response of topological states to external perturbations.
As a prototype system, we focus on transition metal (TM)-phthalocyanine (Pc) molecules coupled to the chalcogenide topological insulator Bi 2 Te 3 . Pcs are among the most widely studied planar molecules which are already successfully employed in several applications such as sensors and magnets. 21 Furthermore, they have been recently reported to constitute a rich playground hosting unconventional properties associated with their spin-degree of freedom. 22, 23 As shown in Fig. 1(a) , their structure consists of a central metal atom surrounded by an organic macrocycle. The molecular symmetry is 4-fold and the central atom has a square-planar coordination. In TM-Pcs, this bonding scheme leaves the central atom in a +2 state and, within the D 4h point symmetry, the 3d levels split into d xz,yz , d z 2 , d xy , and d x 2 −y 2 as illustrated in Fig. 1(b) . 24 Depending on their occupation, energy, and symmetry, these states can mix with the orbitals of the pyrrole-like rings. Since the hybridization between 3d levels and molecular orbitals may result in several quasi-degenerate configurations, it is impossible to draw a definitive picture of the energy occupation level based on a single-electron approach. This is particularly true for molecules coupled to substrates, since charge transfer processes and modified ligand fields may further complicate the picture. However, by increasing the number of 3d electrons the following trends emerge: (i) the presence, close to the Fermi level, of empty states with d z 2 symmetry is gradually reduced; (ii) the TM-substrate distance increases. [24] [25] [26] [27] These observations imply that, contrary to "late" transition metal (Ni and Cu) Pc molecules, where the central atom's 3d orbital does not play any significant role in the adsorption process, the situation is quite different for MnPc, FePc, and CoPc. As described in the following, this has far reaching implications. The molecule-substrate interaction observed for MnPc is attributed to d z 2 orbitals bonding to the TI surface. However, as the number of d electrons increases, they shift towards negative energies. This is in particular the case for CuPc, where they become double occupied without any significant hybridization with the substrate. 25, 27 Indeed, while the central atom is imaged as a protrusion on MnPc and CoPc, it appears as a depression in CuPc, indicating the absence-in the probed energy range-of d z 2 orbitals, i.e. those electronic states which can effectively couple to an abrupt transition from a dispersive distribution to a square lattice superstructure was generally observed on metal substrates, [30] [31] [32] we demonstrate below that on topological insulators an appropriate choice of the central atom not only allows to "activate" the self-assembly process, but also to select its symmetry. Note that, despite the reduced molecule-molecule distance, not any signature of molecular clustering is present on the surface. On the contrary, molecules seem to maximize their distance. This behavior can be understood by comparing the electronic properties of the Bi 2 Te 3 surface before and after molecule deposition as inferred by scanning tunneling spectroscopy (STS). Results are reported in Fig. 2(b) . The positions of the valence band maximum and conduction band mini-mum have been assigned according to the procedure described in Ref. 35 . The spectra evidence a negative rigid shift of the Bi 2 Te 3 band structure subsequent to deposition which is indicative of an n-doping effect caused by MnPc. This charge redistribution leaves the molecules positively charged. Consequently, they are stably anchored to the substrate by the creation of an interfacial dipole which suppresses their mobility on the surface. As a result of the intermolecular repulsive interaction and the relatively strong anchoring to the substrate, the molecules do not show any tendency of ordering, irrespective of the coverage. Furthermore, the second MnPc layer starts to form well before completion of the first one (see Fig. 3 in Supplementary Information). These observations show that repulsive-driven self-assembly processes as observed in Ref. 36 are absent for the particular combination of molecule and substrate considered here.
A very different scenario appears for CoPc as illustrated in Fig. 3(a) and (b). In this case, large regions displaying a very well-ordered molecular superstructure are present on the surface, indicating a relatively weak molecule-substrate interaction as compared to attractive molecule-molecule interactions. The weak molecule-substrate bond is also experimentally signaled by significant tip-sample forces, which, despite the very low set-point currents used when scanning the surface, results in molecules that are occasionally moved by the tip (see Supplementary Information). As for MnPc, the inspection of spectra obtained before and after deposition allows to visualize the charge redistribution processes associated with the creation of the molecule-TI interface. Results are reported in Fig. 3(d) . The absence of any significant energy shift implies that, contrary to MnPc, CoPc molecules are left in their neutral state. This is the more remarkable as the coverage amounts to 0.32 molecules/nm 2 , i.e. well above the one investigated in Fig. 2 for MnPc. Contrary to similar close-packed layers obtained at metal surfaces, 37 where close-packed layers evolve but chargetransfer nevertheless occur, in the present case molecules have been deposited onto a substrate, i.e. Bi 2 Te 3 , with a much lower density of states. As a result, any potential charge transfer taking place at the interface would give rise to a significant band bending, as it has been widely reported for topological insulator surfaces coupled to single adatoms (see Ref. 28 and 40) or even simply exposed to residual gases (see Refs. 38 and 39) . It is worth noticing that the observed difference in It thus appears that the combination of CoPc with the Bi 2 Te 3 TI substrate is one of the rare cases where the creation of an interface leaves either of the constituents essentially unaltered. Therefore, we expect that CoPc behaves very differently as compared to other adsorbates which may heavily dope TI surfaces and even create new electronic states that are absent on the pristine samples. [38] [39] [40] Similarly, many TMPc molecules may-once coupled to a substrate-substantially change their electronic properties through the interplay of substrate screening and hybridization effects. 26, 27 In contrast, the electronic properties detected for CoPc on Bi 2 Te 3 raises the hope that the gas phase functionality may be preserved.
The geometrical structure which appears from inspection of Fig. 3(b) allows to identify a quasihexagonal crystal lattice, which indicates that the symmetry of the substrate has been transferred to the overlayer. Minor periodic distortions are visible along two of the three high symmetry axis, also signaled by the appearance of 4 additional spots in the Fourier transformation [see Fig. 3(c) ]. Although the presence of a well-ordered superstructure indicates that molecule-molecule interactions dominate the delicate balance of forces that drive the self-assembly process, molecule-substrate interactions still appear to play an important role since it determines the axis along which molecules self-assemble. A detailed analysis of the molecular film allows to obtain the structural model illustrated in Fig. 3(e) . Molecules have a nearest-neighbor distance corresponding to 1.55 nm, with each of them sitting on top (or in very close proximity, see below) of the underlying Te atom, as can also be inferred from Fig. 3(b) , where all molecules display the very same appearance. Furthermore, the different rotations of the molecules allow to explain the distortions introduced in the lattice as the result of small steric repulsion-induced deviations with respect to the minimum energy adsorption site. Overall, these observations point towards an overlayer unit cell that is commensurate with the substrate.
Since MnPc and CoPc have the same structure and ligand, their different behavior in the high coverage regime must be a direct consequence of the different electronic configuration of their 3d central atoms. Although a precise analysis of the molecule-substrate interactions would require detailed calculations going beyond the scope of the present work, an heuristic picture that is based on the 3d levels occupancy can effectively explain our findings. In particular, the differences are ascribed to the presence of d z 2 orbitals close to Fermi level. These electronic states effectively facilitate the bonding to the substrate, which is gradually reduced as the number of electrons residing on the central atom increases, i.e. by changing from a Mn to a Co ion. 24 Therefore, changing to a higher atomic number drives the balance of molecule-substrate and molecule-molecule interactions towards the latter. To test our model, measurements have been performed on CuPc which, because of its doubleoccupied d z 2 orbital that lies well below the Fermi level, 25, 27 is expected to result in an even weaker molecule-substrate interaction with respect to CoPc. By looking at Fig. 4(a) it is evident that a well-ordered self-assembled structure is obtained also in this case (coverage 0.46 molecules/nm 2 ).
As for CoPc, the creation of a molecular film is not associated with any significant charge transfer between molecules and substrate [see Fig. 4(d) ] [note that, as in the case of CoPc (see above), also for CuPc a simple electronegativity picture supports our findings, being Cu electronegativity equal to 1.90]. However, a zoomed-in image demonstrates that, contrary to CoPc, CuPc self-assembles in a closed-packed structure with a square lattice [see Fig. 4b ]. This is the typical lattice adopted by Pc molecules deposited on weakly interacting substrates, since it allows to maximize their mutual interaction. Indeed, the nearest-neighbor distance of 1.34 nm is essentially determined by the size of the molecule.
An analysis of the molecular film allows to obtain the structural model reported in Fig. 4(e) .
Since the symmetries of the molecular film and the substrate are incompatible, the molecules adopt different adsorption configurations with respect to the underlying Bi 2 Te 3 surface, as also signaled by their different appearance in Fig. 4(b) . The long wavelength modulation visible in the image suggests an incommensurability between the molecular layer and the substrate, as already discussed in Ref. 37 . Unambiguous determination would require simultaneous atomic resolution of the underlying substrate which was impossible to achieve because of incompatible tunneling parameters. Overall, these observations are in agreement with our model and confirm the leading role played by the central 3d orbitals in balancing the different interaction taking place at the molecule-TI interface.
In summary, our findings show that appropriate chemical modifications of metal-organic compounds lead to a rich variety of hybrid molecule-TI interfaces. As a result these interfaces represent ideal heterostructures for tailoring potential landscapes at TI surfaces at the atomic scale. Furthermore, molecules with built-in magnetic moments, such as the molecules used in this study, may result in superstructures that constitute well defined spin networks, potentially leading to device concepts with unique functionalities.
Methods Experiments have been performed in a commercial STM operated at T = 4.8 K. The CuPc molecules (Sigma-Aldrich) were deposited directly onto the cold Bi 2 Te 3 surface by using a home made Knudsen cell and annealed at room temperature. STM measurements were performed using electrochemically etched tungsten tips. Topographic images were acquired in the constantcurrent mode. Spectroscopic data were obtained by lock-in technique ( f = 793 Hz, V rms = 10 mV).
Since the apparent molecular coverage was found to strongly depend on the particular bias voltage applied, an effect that is related to the spatial distribution of certain molecular orbitals, coverages are given in number of molecules per nm 2 .
Associated Content

SUPPORTING INFORMATION
Description of the adsorption of TM-Pc on Bi 2 Te 3 which lead to a C4 to C2 symmetry reduction; evidence for weak adsorption energy from strong tip-molecule interaction; a coverage-dependent study of MnPc molecules; and the cluster formation at very dilute concentration regime for CoPc and CoPc. This material is available free of charge via the Internet at http://pubs.acs.org.
